site-specific genome engineering technologies are increasingly important tools in the postgenomic era, where biotechnological objectives often require organisms with precisely modified genomes. rare-cutting endonucleases, through their capacity to create a targeted dnA strand break, are one of the most promising of these technologies. however, realizing the full potential of nuclease-induced genome engineering requires a detailed understanding of the variables that influence resolution of nuclease-induced dnA breaks. here we present a genome engineering reporter system, designated 'traffic light', that supports rapid flow-cytometric analysis of repair pathway choice at individual dnA breaks, quantitative tracking of nuclease expression and donor template delivery, and high-throughput screens for factors that bias the engineering outcome. We applied the traffic light system to evaluate the efficiency and outcome of nuclease-induced genome engineering in human cell lines and identified strategies to facilitate isolation of cells in which a desired engineering outcome has occurred.
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The explosive accumulation of genomic sequence data is driving demand for technologies to site-specifically engineer genomes 1 . One promising approach for genome engineering is the use of rare-cutting endonucleases to exploit endogenous DNA repair pathways [2] [3] [4] . However, nuclease-induced DNA breaks may engage any one of several DNA repair pathways that can produce distinct genetic outcomes 5, 6 . Therefore, an important technological goal is to understand how experimental variables influence the choice of DNA-repair pathway and to develop methods to bias break resolution toward a desired outcome. Although several factors are known to influence what repair pathway is used after a DNA break, including cell-cycle status 7 , DNA repair protein expression and posttranslational modification 8 , availability of donor templates 6, 9 and usage of single-versus double-strand breaks 10 , their application to bias outcome in a genome engineering context have not been systematically explored. An important limitation in developing such applications has been the lack of a method to rapidly assess different types of repair outcomes occurring at an individual DNA breakpoint. Although various nuclease-induced double-strand break repair reporters have been developed 9, [11] [12] [13] [14] [15] [16] [17] , none afford the ability to directly measure the efficiency and competition between DNA repair pathways that resolve a DNA break.
We constructed a reporter, traffic light, that generates a flowcytometric readout of homology-directed repair (HDR)-mediated gene targeting and mutagenic nonhomologous end-joining (mutNHEJ)-mediated gene disruption occurring at an individual DNA breakpoint. We integrated the reporter into a system that provides for quantitative single-cell tracking of nuclease and donor template delivery, and supports efficient siRNA-mediated manipulation of endogenous DNA repair pathways. Using this system, we demonstrated that high concentration of donor template can promote gene targeting while suppressing mutNHEJ, that single-strand breaks can induce gene targeting without eliciting mutNHEJ and that limiting the classical nonhomologous endjoining pathway through DNA-PKcs silencing increases the efficiency of gene targeting.
results

Fluorescent reporter for hdr and mutnheJ
We designed a construct in which a double-strand break is produced at an embedded nuclease cleavage site (in this case, an I-SceI site), and repair of the break generates distinct fluorescent signals upon resolution either through HDR with an exogenous donor template or through mutNHEJ (Fig. 1a,b) : in the former case, a functional enhanced GFP (eGFP) open reading frame is restored by the exogenously provided donor template to signal gene targeting 9 ; in the latter case a frameshift places a monomeric (m)Cherry coding sequence in-frame to signal gene disruption. By design, the eGFP coding sequence contains an alternative +3 reading frame (Supplementary Fig. 1) , and the T2A 'dis-linker' enables the downstream-encoded mCherry to escape degradation of the misfolded protein encoded in this +3 reading frame of eGFP ( Supplementary Fig. 2 and Supplementary Note 1). We designated our construct the traffic light reporter (TLR We derived a polyclonal population of human HEK293T cells containing a single copy of the TLR containing an I-SceI target site integrated into the genome (HEK293T TLR-Sce). We then expressed I-SceI with or without donor template and analyzed the cells by flow cytometry (Fig. 1c) . As expected, cells transduced with I-SceI lentivirus alone resulted in a proportion of cells expressing mCherry (mCherry + ), indicative of mutNHEJ at the reporter locus. Cells transduced with both I-SceI and donor template lentivirus yielded either mCherry + or eGFP + cells. Sequence analysis confirmed that mCherry + cells were generated by a variety of mutagenic events at the I-SceI target site that resulted in frameshifts to the +3 reading frame, and that these frameshifts represented about one-third of all the mutagenic events (Supplementary Fig. 3 ). We performed similar experiments in several single-cell clones ( Supplementary Fig. 4 ) and observed that all clones were capable of break resolution through either HDR or mutNHEJ, although some exhibited relative preferences for a specific pathway, suggesting a potential influence of genomic location or local chromatin environment on double-strand-break repair 6 .
effect of nuclease and donor delivery on tlr readout
We evaluated the effect of an increasing dose of I-SceI and donor template, both delivered with a single lentivirus (Fig. 2a) . At low viral dose, we observed relatively few fluorescent cells, and nearly all were mCherry + , indicating that the repair events occurred via mutNHEJ pathways. As we increased the amount of virus, we observed the expected dose-dependent increase in the total number of repair events, with an increasing fraction of events accounted for by the HDR pathway (Fig. 2b,c) .
We reasoned that the bias toward HDR at high viral doses could be explained by increasing copies of donor template, as this has been previously shown to increase gene targeting rates at the population level 9 . To test this hypothesis, we used an integrationdeficient lentivirus 18 to provide increasing amounts of episomal donor template while holding the dose of I-SceI-encoding lentivirus constant. As expected, gene-targeting events increased in correlation with the amount of template transduced, but we also observed a concomitant decrease in mutNHEJ events (Fig. 2d-f) . The loss of mutNHEJ events with increasing donor template is an important observation, as it suggests that inadequate delivery of a suitable donor can lead to failed homology searches that default to mutNHEJ repair. This is consistent with recent work suggesting that mutagenic alternative nonhomologous end-joining pathways may have a resection step in common with HDR 19 . Therefore, if HDR-based genome modification is desired, high-level donor delivery is a key variable for concurrently promoting gene targeting and suppressing undesirable mutNHEJ.
tracking endonuclease and donor template delivery As genome engineering efficiency and outcome are both dependent on nuclease and donor template delivery, we tagged the nuclease and donor template with genes encoding unique fluorescent markers, infrared fluorescent protein 1.4 (IFP) and mTagBFP (BFP), respectively, to allow their simultaneous readout with the TLR (Supplementary Fig. 5 ). We used viral transduction to deliver I-SceI-T2A-IFP and Donor-T2A-BFP into HEK293T TLR-Sce cells and evaluated the four fluorescence parameters (eGFP, mCherry, IFP and BFP signals) by flow cytometry (Fig. 3) . Mock-transduced cells were nonfluorescent, whereas cells transduced with Donor-T2A-BFP integration-deficient lentivirus were blue, with no detectable repair events (Fig. 3a) . Cells transduced with I-SceI-T2A-IFP lentivirus fluoresced in the infrared channel and resulted in mCherry + mutNHEJ events. Upon transduction with both I-Sce-T2A-IFP and Donor-T2A-BFP, we observed a spectrum of cells with a variety of mean fluorescence intensity values for nuclease and donor, and both mutNHEJ and gene-targeting repair events. The aggregate mutNHEJ and gene targeting repair event frequency correlated well with experiments using untagged expression and donor template vectors, indicating that the inclusion of the fluorescent markers was not adversely influencing the TLR readout.
Because mean fluorescence intensity value has been shown to correlate with both protein amounts and vector copy number 20 , we hypothesized that cells with unique mean fluorescence intensity values for nuclease and donor template after co-transduction 
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T2A ( would have unique repair profiles. We examined the TLR readout in a population of co-transduced cells as a function of nuclease and donor template amounts by gating on cells with unique mean fluorescence intensity values for each parameter. Control gates agreed with previous experiments, such that cells expressing I-SceI alone (IFP + , BFP − ) predominately generated mutNHEJ events, and cells with high amounts of both I-SceI and donor template (IFP + and BFP + ) exhibited both mutNHEJ and gene-targeting signals (Fig. 3b) . In gates where donor template delivery was constant and nuclease expression increased, the absolute number of observed engineering events increased, whereas the ratio of HDR to mutNHEJ remained nearly constant (Fig. 3c) . Conversely, in gates where nuclease expression was constant and donor template delivery increased, the ratio of gene targeting to mutNHEJ changed drastically, with cells containing large amounts of donor template increasingly trending toward gene targeting (Fig. 3d) . We also observed a shift from mut-NHEJ to HDR as a function of donor delivery for a zinc-finger nuclease-mediated DNA break (Supplementary Fig. 6 ).
Together, these results confirmed that the efficiency and outcome of genome engineering vary substantially at the population level, with increased nuclease delivery being a strong predictor of the likelihood of an engineering 'event' and increased donor delivery being a strong predictor of break resolution via gene targeting. They also illustrate how quantitative tracking of nuclease and donor delivery in single cells may be applied to isolate cell populations with high frequencies of desired engineering outcomes.
single-versus double-strand break-induced engineering
As single-strand breaks are a potential alternative approach to catalyzing site-specific HDR while minimizing mutagenic outcomes 10, 21, 22 , 'nickases' may be useful for genome engineering when safety or fidelity is necessary. We compared single-strand and double-strand break-induced genome engineering using the TLR (Fig. 4) . We derived a TLR cell line containing an I-AniI nuclease target site (HEK293T TLR-Ani) and initiated readout with either a double-strand break-inducing nuclease, the optimized I-AniI Y2 variant (ref. 23) (cleavase) or a variant that creates a single-strand break at the identical target site, I-AniI Y2 K227M 21 (nickase) (Fig. 4a) . To control for nuclease delivery, we added a T2A-linked BFP tracking fluorophore to both enzymes. Upon transduction of the HEK293T TLR-Ani cells with I-AniIY2-T2A-BFP or I-AniIY2K227M-T2A-BFP lentivirus and donor integration-deficient lentivirus, we observed a 100-fold reduction in total TLR for the nickase at the population level (Fig. 4b) . Of the detected repair events, the nickase exhibited a strong bias toward gene targeting over mutNHEJ (Fig. 4c) . We also consistently observed a small portion of red fluorescent cells presumed to result from mutNHEJ events after nickase expression, suggesting that a fraction of events were processed through a double-strand break intermediate. Using the tracking BFP, we conducted a gating analysis to determine the effect of nickase expression on TLR readout (Fig. 4d) . This revealed a dose-dependent increase in genetargeting events, approaching 0.25% in the highest-expressing cells, without an associated increase in mutNHEJ.
These results strongly support the concept that substituting a nickase in place of a cleavase is an effective means to induce HDR while minimizing mutNHEJ events. They also highlight a key utility of the TLR system: by providing concurrent quantification of gene targeting and mutNHEJ events, we could rapidly analyze rare repair events occurring at a nuclease-induced DNA single-strand break.
sirnA kinome screen for genome engineering enhancers
In many contexts, efficiency of genomic modification is likely to be the highest priority of a genome engineer. Therefore, we evaluated the TLR system as a high-throughput screening platform for DNA-repair modulators that might improve engineering efficiency. As the DNA damage response is highly regulated by phosphorylation 24 , we evaluated a human kinome siRNA library in an initial screen. As seen in the Z-score scatter plot (Fig. 5a and Supplementary  Fig. 7) , we observed a variety of HDR and mutNHEJ phenotypes. Several kinases known to have a role in DNA repair appeared at or near the top of ranked lists (Supplementary Table 1 ). These included DNA-PKcs, TLK-1 and several kinases in the higher-order inositol phosphate pathway (IHPK3, IMPK and PIK3C2B), which have recently been shown to be involved in classical nonhomologous end joining 25, 26 . In addition, knockdown of several genes encoding kinases not previously implicated in DNA repair also resulted in positive Z scores.
As we had observed suppression of mutNHEJ in cells with abundant donor template (Figs. 2e and 3c) , we hypothesized that coupling knockdown of a repair modulator with gating for cells with high enzyme and donor levels would allow for high rates of gene targeting while minimizing the associated mutNHEJ. To test this, we conducted a gating analysis for various transduction levels of HEK293T TLR-Sce cells pretreated with siRNAs to PRKDC, which encodes DNA-PKcs and also transduced with both I-SceI-T2A-IFP lentivirus and donor integration-deficient lentivirus virus (Fig. 5b) . As transduction levels increased, we observed a tenfold increase in gene targeting events with only a modest associated increase in mutNHEJ events, achieving absolute gene targeting rates of nearly 10% in highly transduced, PRKDC knockdown cells, compared to <1% in ungated, control siRNA-treated cells. Although we consistently observed increases in gene targeting after PRKDC knockdown in multiple TLR clones (data not shown) and several different reporter systems using the I-SceI nuclease, the magnitude of the effect varied with the enzyme used to initiate the break (Supplementary Fig. 8 ).
discussion
The TLR system has two key advantages over previously described systems (for example, refs. 9,11-17). (i) It provides a rapid positive signal readout of both mutNHEJ and gene targeting occurring at a single break site, allowing direct assessment of the competition between repair mechanisms. (ii) We combined it with the capacity to track and control for both nuclease and donor template delivery. Previously described reporters have all focused on either nonhomologous end joining or HDR. Assessing repair profiles in cell lines with multiple reporters is complicated by epigenetic effects at different reporter loci, a requirement for multiple breakpoints and a lack of direct competition for resolution 27 . Although it would be possible to obtain information on competition between repair processes at a single DNA break site by using one of the previously described HDR reporters, doing so would require high-throughput DNA sequencing of PCRamplified loci to obtain statistically meaningful information, an approach incompatible with even medium-throughput screening for genome engineering outcome modulators.
Our siRNA kinome screen for modulators of genome engineering outcome identified several genes whose silencing resulted in enhanced rates of both mutNHEJ and gene targeting. Prominent among these was PRKDC, which encodes a component of the classical nonhomologous end-joining complex that has previously been shown to improve homologous recombination rates 28, 29 . This observation is consistent with a growing literature indicating that nuclease-induced breaks are often subject to precise rejoining of ends 15, 19 , preventing them from engaging 'engineering-productive' pathways. Whereas we consistently observed the effect of PRKDC knockdown in several DNA-repair contexts, it varied among nucleases with varying affinities and activities toward the same target site, suggesting that the biochemical and biophysical properties of the nuclease may influence processing of the break by the host DNA repair machinery. This is an observation with important implications for nuclease-induced genome engineering, as certain enzymes may have a propensity to engage particular DNA repair pathways, or be more or less responsive to repair pathway manipulations. It also raises important considerations for investigators studying DNA repair using nuclease-induced breaks, who have largely focused on breaks induced by a single enzyme, I-SceI. The TLR should be applicable in diverse organisms for identifying new proteins involved in DNA repair or pathway choice, evaluating new approaches to inducing targeted breaks, screening for smallmolecule modulators of specific repair pathways, and rapidly and comprehensively vetting 'third party' manipulations aimed at increasing endonuclease-induced engineering efficiency. 
